A study was undertaken to analyze the adsorption and desorption of four Reactive dyes, i.e. Reactive Yellow 84 (RY 84), Reactive Red 11 (RR 11), Reactive Black 5 (RB 5) and Reactive Black 8 (RB 8), onto chitin (sorbent 1) and chitosan in the form of flakes (sorbent 2) and beads (sorbent 3). The maximum adsorption capacity of sorbents 1, 2 and 3 and the quantity of desorbed dye were determined for the four dyes and the three types of sorbent examined. For all the Reactive dyes, the adsorption capacities of sorbents 2 and 3 were higher than that of sorbent 1, with the desorption efficiency being lower than the efficiency of the adsorption process. The highest efficiency of dye release, ca. 90%, was obtained for sorbent 1 and the chlorotriazine dyes.
INTRODUCTION
Reactive dyes are widely applied to lend colour to the end-products of various branches of industry, including the textile, leather and plastics industries and a variety of others. However, imperfections in the dyeing process lead to considerable amounts of coloured compounds (2-50%) being discharged to sewage and consequently reaching the natural environment.
Adsorption is one of the most efficient methods for the removal of pollutants from sewage, with the application of cheap waste materials in the treatment of dye-containing sewage having become a topic of wide interest recently. Much attention has been paid to developing technologies using natural efficient sorbents. These include chitin, since this biosorbent is characterized by a high adsorption capacity (Šafarik 1995; Filipkowska et al. 2002) .
Chitin is a natural polymer of acetylated or non-acetylated glucosamine and has found increasingly wide application in medicine, pharmacology, biotechnology, plant or environmental protection (Juang and Shao 2002; Divakaran and Pillai 2001) . The most important parameters characterizing chitin are its molecular weight (MW) and degree of acetylation (DD, percentage content of N-acetylglucosamine in the chitin or chitosan chain). Recently, chitin and chitosan have been considered as attractive adsorbents which demonstrate a high efficiency towards dye removal due to their large number of amine and hydroxy functional groups. These groups are characterized by a high potential for the adsorption of dyes (Chiou and Li 2003; Wu et al. 2000 Wu et al. , 2001 and metal ions (Juang and Shao 2002; Evans et al. 2002; Sag and Aktay 2000, 2002) as well as other pollutants. Chitin is attractive since it is available in abundance and is non-toxic, hydrophilic and biocompatible. In addition, it is easily biodegradable and displays antibacterial properties.
The pH value is a very important factor affecting the adsorption capacity of chitin. At low pH values, anionic dyes are strongly bound onto chitin by electrostatic attraction. However, the interaction of chitin with acids leading to the highest adsorption capacities is unfavourable due to the low pH of the outlet effluent after the adsorption process; this is likely to limit the application of chitin for dye removal under industrial conditions. Similarly, chitosan forms a gel at low pH values which makes its application and the determination of the true adsorption capacity impossible. Thus, a higher pH value for the maximum adsorption capacity of chitosan together with the possibility of making chitosan beads would favour the practical application of this material. Bead-formation is important since it would be easier to separate beads from the solution after the adsorption process in comparison to chitin or chitosan flakes.
We have, therefore, undertaken the present study in an attempt to identify the most favourable method (in terms of adsorption capacity) for preparing an adsorbent with a high efficiency towards dye removal. A comparison has also made between chitosan in the form of flakes and beads to determine whether a change in the method of preparation -leading to a reduction in the specific surface area of the adsorbent -has a negative influence on the quantity of dye adsorbed. The process conditions established in this study could possibly be applied in the design of technological systems for dye removal from sewage via adsorption methods.
MATERIALS AND METHODS

Preparation of chitin samples
Experiments were conducted using krill chitin obtained from the Sea Fisheries Institute in Gdynia. The chitin sample was characterized by a dry matter content of 95.64% and an ash content of 0.32%. The average size of a chitin flake used in the study was 314 × 184 µm. Dye adsorption analyses were undertaken using modified chitin. The procedures employed for the preparation of the various chitin sorbent samples were as follows.
• Sorbent 1: A weighed portion of commercial chitin (10 g) was mixed with distilled water in a 1:10 ratio (w/w) and left at room temperature for 24 h to enable swelling. The mixture containing swollen chitin was then transferred into a Buchner funnel and filtered off under vacuum. A weighed portion of the swollen material was rinsed with 6 N HCl, rinsed with distilled water until the filtrate was neutral and then filtered off under vacuum. Next, an 18% aqueous KOH solution was added to the chitin and the resulting mixture heated on a water bath for 3 h. After cooling, the resulting deacetylated chitin was rinsed with distilled water until the filtrate was neutral and then filtered off under vacuum. The degree of deacetylation of chitin achieved by this procedure was 5%. The structural formula of the resulting chitin is depicted in Figure 1 . • Sorbent 2: A weighed portion of chitin was rinsed with 6 N HCl after swelling, flushed with distilled water until the resulting filtrate was neutral and then filtered off under vacuum. Next, a 70% aqueous KOH solution was added to the chitin and the resulting mixture heated on a water bath for 3 h. After cooling, the resulting deacetylated chitin was rinsed with distilled water until the filtrate was neutral and then filtered off under vacuum. The degree of deacetylation of the sorbent prepared by this procedure was 75%. The structural formula of chitosan is presented in Figure 2 . • Sorbent 3: A known amount of sorbent 2 (10 g) was dissolved in 300 cm 3 of 5% acetic acid. Beads were prepared by using a micropipette to allow drops of this solution to fall into an aqueous 1 M NaOH solution. The sizes of the beads thereby produced were governed by the size of the micropipette employed.
Preparation of dye solutions
The following Reactive dyes were employed in the experiments: chlorotriazine group dyesYellow 84 (RY 84), Red 11 (RR 11) and Black 8 (RB 8); vinylsulphone group dye -Black 5 (RB 5), produced by ZPB "Boruta" SA in Zgierz. Their characteristics and structures are listed in Tables 1 and 2. A stock solution of a dye was prepared by weighing 1 g of pure dye in the powdered form. The dye was then transferred quantitatively to a 1-dm 3 volume measuring flask and topped up to the mark with distilled water at a pH of 6.0. This allowed the preparation of a dye stock solution with a concentration of 1000 mg/dm 3 . This stock solution was then used to prepare working solutions as follows: 2.5; 5.0; 10; 20; 30; 40; 50; 60; 70; 80; 90 to 100 cm 3 measuring flasks and topped up to the mark with distilled water at a pH value of 6.0. This enabled the preparation of working solutions with the following dye concentrations: 25; 50; 100; 200; 300; 400; 500; 600; 700; 800; 900 or 1000 mg/dm 3 , respectively.
Experimental design
Determination of the optimum pH conditions for the adsorption process
Such determinations were carried out for four reactive dyes: RB 8, RY 84, RR 11 and RB 5, as well as for sorbents 1 and 2. The solution concentration of each dye was set at 100 mg/dm 3 while 1 g/dm 3 of sorbent was employed. Each sorbent was weighed individually into a succession of Erlenmeyer flasks of 200 cm 3 volume with 100 cm 3 of dye solution added to each. The pH of the solutions in these flasks was then adjusted individually to values within the range 1.0-11.0.
Analytical methods
The samples were placed in a shaker and shaken for 2 h at a constant rate of 200 rpm. After shaking, the samples were allowed to sediment for 1 min, following which the dye solution was decanted and centrifuged for 10 min in an MPW 210 centrifuge at 10 000 rpm. The dye concentration remaining in solution in the samples was then determined as follows. The pH of each solution was adjusted to a value of 6.0 and the dye concentration determined spectrophotometrically using a UV-vis SP 3000 spectrophotometer and employing the wavelength at which the maximum absorbance for each dye was observed (see data listed in Table 1 ).
Analyses of the adsorption/desorption of Reactive dyes onto the sorbents studied
The adsorption capacities of sorbents 1, 2 and 3 were determined individually by weighing 0.1 g of the sorbent into a 200-cm 3 volume Erlenmeyer flask and adding 100 cm 3 of a working solution of the dye at an appropriate concentration, i.e. within the range 25-1000 mg/dm 3 . The procedure described in Section 2.3.2 above was then undertaken.
The desorption efficiencies of the Reactive dyes from the three sorbents examined were measured after the adsorption process had been conducted. Such studies were conducted at a pH value of 11.0 as determined from our previous studies and literature data. The analytical methods described in Section 2.3.2 above were again employed to determine the concentration of dye desorbed.
RESULTS AND DISCUSSION
Influence of pH
The effect of pH on the adsorption efficiency of Reactive dyes onto sorbents 1, 2 and 3 was assessed on the basis of the concentration of dye remaining in the solution after equilibrium conditions had been attained. Such experiments were conducted for the four Reactive dyes RB 8, RY 84, RR 11 and RB 5 with chitin (sorbent 1) and chitosan (sorbent 2) as the chosen sorbents, it being assumed that sorbent 3 (chitosan beads) would behave in a similar fashion to sorbent 2, i.e. chitosan in the form of flakes. The influence of pH on the solution concentrations of the dyes tested after adsorption onto sorbents 1 and 2 is presented in Figures 3 and 4 , respectively. The results obtained indicate that the optimum pH value for the adsorption process was dependent on the type of adsorbent employed. Thus, for sorbent 1, adsorption appeared to be most effective at pH 3.0 (99.5-100%) irrespective of the nature of the dye. Accordingly, this pH value was employed for subsequent studies. Similarly, adsorption onto sorbent 2 was most effective at a pH value of 5.0 (97.7-99.2%) and consequently this pH value was chosen for further analysis of adsorption on sorbents 2 and 3.
The data presented in Figures 3 and 4 indicate that a considerable decrease in solution concentration occurred with the dyes studied as the pH of the system decreased, i.e. an increase in adsorption capacity occurred with decreasing pH value. Similar results have been obtained by Chiou and Li (2002) and Kumar (2000) . Such behaviour may be attributed to the fact that at low pH -especially for chitosan -ready protonation of the amine groups can occur to form -NH + 3 groups. This, in turn, increases the electrostatic attraction between the dye molecules and the adsorption sites on the sorbent surface.
As the pH of the system increases, the number of negatively charged surface sites increases at the expense of positively charged sites. When the adsorbent surface is negatively charged it is no longer favourable due to electrostatic repulsion. Hence, the diminished adsorption of anionic dyes under basic conditions is a direct result of competition between the anionic dyes and excess OH -ions for adsorption sites. The fact that considerable adsorption of anionic dyes onto the studied adsorbents still occurs under basic conditions implies that a second mechanism, i.e. chemisorption, is involved in the process.
Adsorption/desorption equilibrium and isotherms
The efficiency of adsorption and desorption of a dye onto a given sorbent may be analyzed on the basis of the observed changes in its concentration in solution during such processes. In the present work, the quantity of dye adsorbed was calculated from the following dependence:
( 1) where Q s is the quantity of dye adsorbed (mg/g), C 0 is the initial concentration of the dye in solution (mg/dm 3 ), C s is the concentration of the dye in solution after adsorption (mg/dm 3 ) and m is the mass of chitin employed (g/dm 3 ). Similarly, the quantity of the dye desorbed may be calculated from the dependence: (2) where Q d is the quantity of dye desorbed (mg/g), C d is the concentration of dye in solution after desorption (mg/dm 3 ), C s is the concentration of dye in solution before desorption (i.e. after adsorption) (mg/dm 3 ) and m is the mass of chitin employed (g/dm 3 ). The results obtained were analyzed using the double Langmuir model assuming that the adsorbent surface was energetically heterogeneous and possessed two types of adsorption centres (types I and II) which exhibited different binding energies towards the adsorbate molecules. Such active sites may be characterized by individual adsorption constants which may be written as K 1 , b 1 and K 2 , b 2 , respectively. A double Langmuir equation has been applied successively for interpreting the experimental data for the adsorption of metal ions by activated sludge (Sterritt and Lester 1986; Hughes and Poole 1989) as well as for the assessment of metal ion adsorption in soils (Amacher et al. 1986 ). The adsorption efficiency of RB 8, RY 84, RR 11 and RB 5 from aqueous solutions onto chitin was analyzed on the basis of the dependency between the amount of adsorbed dye Q (mg/g) and its equilibrium concentration C (mg/dm 3 ):
where Q is the mass of dye adsorbed onto chitin (mg/g), b 1 is the maximum adsorption capacity of chitin at type I active sites (mg/g), b 2 is the maximum adsorption capacity of chitin at type II active sites (mg/g), K 1 and K 2 are both constants in the Langmuir equation (dm 3 /mg) and C is the concentration of dye remaining in solution (mg/dm 3 ). The total adsorption capacity of chitin (b) is equal to the sum of the maximum adsorption capacities determined for type I and type II active sites (b = b 1 + b 2 ). The constants K 1 and K 2 characterize the adsorption affinity of a dye towards active sites of type I and type II, respectively, and correspond to the converse of the equilibrium concentration of the dye at which the adsorption capacity of chitin is equal to more than half the maximum capacity of b 1 or b 2 . Higher values of the constant K indicate an increase in the adsorption affinity of the active sites of chitin towards a given dye molecule. The values of the constants K 1 and K 2 as well as the maximum adsorption capacities b 1 and b 2 were determined by non-linear regression methods.
Experimental results which indicate a correlation between the quantities of adsorbed and desorbed dye and the equilibrium concentration as well as isotherms determined from an application of the Langmuir equation are presented in Figures 5-7 . Figure 5 presents the experimental data as well as the adsorption/desorption isotherms of Reactive dyes onto chitin (sorbent 1). The quantity of dye adsorbed onto chitin depended on the type of dye and fluctuated from 350 mg/g for RY 84 to 180 mg/g for RR 11. The desorption efficiency from sorbent 1 was very high for dyes containing the chlorotriazine group (RY 84, RR 11, RB 8), being 79-89% of the mass of dye adsorbed. However, for RB 5 which contained a vinylsulphone active group, the quantity of dye desorbed was lower, i.e. ca. 50%.
A considerable increase was observed in dye adsorption onto sorbents 2 and 3 (Figures 6 and 7) compared with sorbent 1. However, in contrast to sorbent 1 and irrespective of whether sorbent 2 or sorbent 3 was employed, the highest increase was recorded for the dye containing a vinylsulphone active group, viz. a 2.1-fold increase for sorbent 2 and a 2.7-fold increase for sorbent 3. For the other dyes studied, the quantity adsorbed increased from 1.4-fold (RY 84, sorbents 2 and 3) to 1.9-fold (RR 11, sorbent 3). A considerable increase in capacity (2.7-fold) was also reported for RR 11 and sorbent 3. It would appear that a change in the preparation procedure for chitosan so that it was present as beads (sorbent 3) had no significant effect on the adsorption efficiency. In fact, the adsorption capacity of sorbent 3 was similar in level to that of sorbent 2, i.e. chitosan in the form of flakes. However, despite the considerable increase in the adsorption capacity of sorbents 2 and 3, no similar increase was observed in the amount of dye desorbed. Indeed, the results obtained indicated a definitely lower desorption efficiency for these sorbents relative to their behaviour in the adsorption process. The effect of solution pH on the efficiency of the adsorption process which indicates the involvement of electrostatic interaction was confirmed by the results for the differentiated adsorption capacities of chitin and chitosan. Thus, irrespective of the type of dye employed, the adsorption capacity of chitosan ranged from 1.5-to 2.7-times higher than that of chitin. According to Chiou et al. (2004) , the different adsorption capacities of chitin and chitosan arise from their different structures. Chitosan contains amine groups (-NH 2 ) that are readily protonated to -NH + 3 groups in acidic solutions and the high adsorption capacities arise from electrostatic activity between the -NH + 3 groups of chitosan and anionic dyes. In contrast, chitin contains amide groups (-CO-NH-) that are not easily protonated in acidic solutions. This arises from the strong attraction between an electron and a carbonyl group which makes the nitrogen in the amide group less electronegative than in an amine group. As a consequence, interactions between amide groups and anionic dyes are considerably poorer than those involving amine groups. This results in chitin exhibiting a low adsorption capacity of for anionic dyes. Table 3 presents the Langmuir constants determined for the three sorbents studied. These, in turn, provide an assessment of the influence of the method of preparation and properties of these sorbents on their adsorption capacities and affinities. The corresponding adsorption isotherms for RB 5, RR 11 and RB 8 from aqueous solution onto chitin were of type H, demonstrating a high affinity between the sorbent and the dyes involved. Isotherms of type H are associated with chemical rather than physical binding. In addition, type H isotherms demonstrate a high affinity at low concentrations, as indicated by the experimental results obtained and the high adsorption capacities recorded.
The values of the K 1 constants in the Langmuir equation, which describe the adsorption affinity of RB 5, RR 11 and RB to chitin, were extremely high (ranging from 50 to 70 dm 3 /mg) and were, at the same time, considerably higher than the values of the corresponding K 1 constants for sorbents 2 and 3. Indeed, the differences between the values of K 1 for sorbents 1, 2 and 3 were insignificant only in the case of RY 84. For this latter dye, the values of the constants K and b probably indicate the operation of a different mechanism for adsorption onto both chitin and chitosan compared with the other dyes investigated. Only in the case of RY 84 were the values of the b 1 constants lower than those of the b 2 constants, irrespective of the type of adsorbent employed. Table 4 provides a comparison of the adsorbents studied in the present work and dyes tested with the behaviour of other adsorbents.
Use was made of the double Langmuir model in an attempt to describe the experimental data for the desorption process. However, it was found that the values of the K 2 and b 2 constants were 790 Urszula Filpikowska/Adsorption Science & Technology Vol. 24 No. 9 2006 very low for all the dyes and adsorbents examined. This suggested that the second term of the double equation could be omitted since it was insignificantly small. Accordingly, the experimental results for dye desorption have been analyzed successfully using the single form of the Langmuir equation. The corresponding values of K and b obtained by this means are listed in Table 5 . An analysis of the values obtained showed that, in contrast to the adsorption process, no significant difference was observed in the quantity of the dye desorbed as the degree of acetylation of the sorbent increased, i.e. the data for sorbents 1, 2 and 3 were similar. In addition, the investigations demonstrated that the efficiencies of dye desorption from chitosan were comparable whether the sorbent was in the form of flakes or beads. When the quantity of the dye desorbed was compared with that adsorbed, it was obvious that the desorption efficiency was greatest for chitin (sorbent 1). The effect of the chemical structure of the dye on the quantity of desorbed dye could also be observed, with RY 84, RR 11 and RB 8 (dyes containing a chlorotriazine active group) demonstrating the highest desorption efficiency, i.e. within the range 70-89%. In the case of RB 5 (a dye containing the chlorovinyl active group) the quantity of dye desorbed was smaller and accounted for only 50% of the quantity of adsorbed dye. Sorbents 2 and 3 were characterized by a considerably lower efficiency of desorption ranging from 33% to 46%. In addition, these sorbents exhibited a higher desorption capability towards the dye RB 8 relative to the situation with sorbent 1.
The practical application of a sorbent is determined not only by its ability to bind the highest possible amount of adsorbate but also by its potential regeneration. However, in the present work, studies into the desorption efficiencies of the various sorbents were aimed not only towards obtaining an economically attractive adsorbent but also at elucidating and evaluating the mechanisms of the adsorption process.
Limited adsorption of a dye may suggest that it is bound to the adsorbent via a chemisorption process. This would enable considerable adsorption despite the existence of unfavourable degree of electrostatic interaction. The shape of the adsorption isotherm as well as the high values of K 1 observed for sorbent 1 (chitin) are indicative of chemisorption. However, this was not confirmed by the desorption results for chitin. Irrespective of the type of dye employed, the efficiency of the desorption process was greatest with this sorbent. Such a high efficiency over a wide pH range suggests that adsorption was mainly physical in nature for sorbent 1, i.e. involved weak van der Waals forces. Table 6 presents the chemical structures of the dyes examined as well as the quantities of dye adsorbed and desorbed onto the three adsorbents. When taken in conjunction with the calculated values of the Langmuir constants (Table 3) , it would appear that the number of benzene rings and sulphone groups in the structure of a given dye has a strong impact on the adsorption mechanism. Thus, it will be noted that the highest adsorption affinity was exhibited by the RB 5/chitin system and that RB 5 is a dye that possesses two benzene rings and four sulphone groups in its molecule. Muzzarelli (1976) demonstrated that the adsorption affinity of a dye decreases as its degree of sulphonation increases, thereby suggesting that each sulphone group exhibits a negative adsorption affinity towards chitin. Hence, attachment of a dye containing a sulphone group causes the next dye molecule to exhibit a decreased binding capacity. This would explain the remarkably lower affinity of RY 84 (10 sulphone groups) to chitin relative to the other dyes examined.
Investigations have shown, however, that such a dependency was not exhibited by the two other chitosan adsorbents studied. This suggests that other constraints need to be considered in these cases. It is a common knowledge that the adsorption process is strongly linked with the porosity and sizes of the capillaries in the adsorbent, with the adsorption process being influenced by two intramolecular diffusion mechanisms, i.e. diffusion within the pore volume (pore diffusion) and diffusion along the pores (surface diffusion). Both types of diffusion proceed simultaneously in an adsorbate molecule (Uzun 2006) . If the sizes of the adsorbent pores are smaller than the size of the adsorbate molecules, their penetration into the pore channels will be impossible despite a high adsorption affinity towards the adsorbent surface. Of the dyes examined, the highest molecular weight was that of RY 84 for which b 2 > b 1 . This may provide an explanation for the different adsorption behaviour of this particular dye molecule.
CONCLUSIONS
• The pH of the supporting aqueous medium played an important role in the adsorption of the four Reactive dyes examined. For all four Reactive dyes, the highest efficiency for dye removal in the presence of sorbent 1 occurred at a pH value of 3. Above this pH, the adsorption efficiency decreased. With sorbents 2 and 3, however, the most efficient adsorption of the Reactive dyes occurred at a pH value of 5. At pH values below 4, sorbents 2 and 3 formed gels which damaged the adsorbents and led to a deterioration in their mechanical properties so that their application became impossible.
• Adjusting the pH value of the aqueous solution to a value of 3 gave an adsorption capacity for sorbent 1 which ranged from 180 mg/g to 350 mg/g depending on the type of dye. With sorbents 2 and 3, adjusting the pH value of the aqueous solution to 5 led to an increase in the quantity of the dye adsorbed. This fluctuated between 387 mg/g and 690 mg/g, again depending on the type of dye employed.
• The highest increase in adsorption efficiency was obtained with sorbent 2. In this case, the adsorption capacity increased by 2.5-fold in the case of RB 5 and RR 11 and by 1.5-fold in the case of RB 8 and RY 84 relative to the situation with sorbent 1. Changing the method of preparation of chitosan to yield sorbent 3, which was in the form of beads rather than in flakes, had no significant effect on the efficiency of the adsorption process. The adsorption capacity of sorbent 3 was similar to that of sorbent 2, i.e. chitosan in the form of flakes.
• The desorption efficiency was lower than that for adsorption for all the Reactive dyes examined.
The highest efficiency of dye release was obtained for sorbent 1 and the chlorotriazine dyes RB 8, RY 84 and RR 11, i.e. ca. 90%. In contrast, the lowest desorption efficiency (52%) was recorded for the one dye containing a vinylsulphone active group, i.e. RB 5. The efficiency of desorption from sorbents 2 and 3 was comparable but lower than that exhibited by sorbent 1.
